ABSTRACT: Perovskite light emitting diodes (PeLEDs) have drawn considerable attention for their favorable optoelectronic properties. Perovskite light emitting electrochemical cells (PeLECs) -devices that utilize mobile ions -have recently been reported but have yet to reach the performance of the best PeLEDs. We leveraged a poly(ethylene oxide) electrolyte and lithium dopant in CsPbBr3 thin films to produce PeLECs of improved brightness and efficiency. In particular, we found that a single layer PeLEC from CsPbBr3:PEO:LiPF6 with 0.5% wt. LiPF6 produced highly efficient (22 cd/A) and bright (~15000 cd/m 2 ) electroluminescence. To understand this improved performance among PeLECs, we characterized these perovskite thin films with photoluminescence (PL) spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD).
characterize these perovskite thin films and devices with photoluminescence spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). We first consider the distinct stages of LEC device operation, which are illustrated in Figures 1a-c. Initially, ions are uniformly distributed in the film (Figure 1a) . In response to an applied bias, cations drift toward and accumulate near the cathode, and anions likewise move toward and pack near the anode (Figure 1b) . This leads to an electric double layer (EDL) formation at each electrode that induces higher electric fields, decreased width of the potential barriers (doping), and enhanced injection of electrons and holes that is insensitive to the workfunction of the electrodes ( Figure   1c ). [12] [13] [14] [15] These injected carriers are transported through the bulk and radiatively recombine in the center of the device. The key features needed for successful LEC operation are therefore: 1) A sufficient concentration of mobile anions and cations; 2) Efficient transport of ions through the bulk for balanced EDL formation at the anode and cathode, leading to efficient charge injection;
3) Facile transport of electrons and holes through the semiconductor (which, for our system, requires a percolating network of the perovskite); 4) Efficient light emission upon recombination of the electrons and holes in the bulk, typically supported by a high quantum yield of the film. In our specific case, high luminescence efficiency is supported by the spectral properties of the CsPbBr3 perovskite. To satisfy the other requirements, we introduce LiPF6 salt, a salt that we have previously used to attain high performance in LECs utilizing ionic transition metal complexes. [16] [17] [18] We prepared films with an optimal concentration of the polymer electrolyte poly(ethylene oxide) (PEO) and systematically studied the effect of LiPF6 salt addition.
The LECs were constructed with a single layer of spin cast perovskite film using an ITO anode, Table S1 , and comparisons to other literature efforts are reported in Supporting Information Table S3 .
Further investigation of the devices reveals other key features. Notably, all concentrations of LiPF6 enhanced current density at low operating voltage (Figure 1d ), indicating LiPF6 initially assists with monopolar charge injection presumably through EDL formation and p-and n-doping effects. As voltage is increased (Figure 1d ), turn on voltage is generally lowered by LiPF6 addition, denoting its ability to assist in bipolar injection. Luminance and current efficiency are enhanced by adding 0.2% or 0.5% LiPF6, but diminished by higher concentrations (Figure 1d ), suggesting competing processes affect device performance. We also observe that the optimal 0.5% LiPF6 concentration considerably reduces the hysteresis in current density curves from voltage cycling (Supporting Information Figure S3 ). We also measured the stability of devices under constant voltage operation and found that 0.5% LiPF6 can improve the stability threefold in comparison with control devices (Supporting Information Figure S4 ), a favorable result in view of previous reports. 19 We performed additional study to gain further mechanistic and phenomenological understanding of these observations. For further investigations of the optical, electronic, and morphological states of our perovskite films, we prepared CsPbBr3:PEO:LiPF6 thin films through an optimized one stage spin-coating process and vacuum treatment before annealing (Supporting Information Figure S5 and text). We subsequently measured the photoluminescence (PL) intensity versus time of these films ( Figure   2a ). For CsPbBr3 and CsPbBr3:PEO films, the PL intensity dramatically increases with time. As
LiPF6 is added to CsPbBr3:PEO films, the PL dynamic trends towards constant intensity. This PL trend with lithium doping can be understood from reduced trapping. (5%) was detrimental to the quality of the thin film, leading to discontinuous films (Supporting Information Figure S8 ). This is likely due to the formation of lithium dendrites and subsequent phase separation. 27 In Figure 3b , we relate the average surface roughness of the CsPbBr3:PEO:LiPF6 films with various percentages of LiPF6 as measured by AFM (Supporting Information Figure S9 ). We observe a reduction in the root-mean-square roughness from 15.7 nm for the pristine CsPbBr3:PEO film to 11.9 nm for the 0.5% LiPF6 doped film, and an increase in surface roughness for higher concentrations. Again, this correlates with the optimal LiPF6 device concentration, as low surface roughness improves the spatial uniformity of the electroluminescence and limits pinhole formation. Hence, the overall interpretation from SEM and AFM analysis indicates that 0.5% LiPF6 corresponds to the optimal concentration for smooth films with large, percolating perovskite grains and minimal pinholes, all beneficial for superior device performance. Addition of PEO to the CsPbBr3 film shifts all of these peaks to higher binding energies, which is attributed to the interaction between PEO and metallic/ion Pb reported previously. 28 Furthermore, we also observe that adding LiPF6 dopant to the CsPbBr3:PEO film further shifts these peaks.
These spectral shifts are a clear indication of a lattice contraction of perovskite after Li + incorporation, shorter Pb-Br bonds and higher binding energy for Pb 4f and Br 3d. 20, 29 The presence of PEO and LiPF6 in films has been further confirmed from the C 1s and F 1s XPS spectra (Supporting Information Figure S10a-b) . The adventitious C 1s signal is obvious at 285.2 eV for the pristine CsPbBr3 thin film. However, after PEO addition, a new C 1s peak appears at 287 eV, which corresponds to the C-O-C groups of the PEO. 30 An F 1s spectral peak at 686.6 eV appears after adding LiPF6 to CsPbBr3:PEO, confirming the presence of the fluoride ion in the film. Also, we note that the photoemission of Li 1s could not be detected due to the very low sensitivity factor of Li. The detailed chemical bonding of the composite perovskite films was analyzed by deconvoluting the XPS peaks (Supporting Information Figure S10 ). Figure 4c illustrates the X-ray diffraction (XRD) spectra of CsPbBr3, CsPbBr3:PEO, and CsPbBr3:PEO:LiPF6. The thin film XRD spectra indicate the primary diffraction peaks at 15.21°, 21.46°, and 30.70° that corresponds to diffraction planes of (110), (112) and (220), respectively, in agreement with previous reports for an orthorhombic (Pnma) crystal structure. [31] [32] The peaks at 12.7° and 22.41° indicate the presence of a trigonal phase of Cs4PbBr6 with the diffraction planes of (102) and (213), respectively, as seen in literature, indicating a mixed phase of CsPbBr3 and Cs4PbBr6. [33] [34] [35] In addition, we analyzed the peak widths and positions, finding successive contraction of the perovskite crystal lattice parameters with increasing amounts of LiPF6 (see Table   S2 ), suggesting Li substitution in the perovskite lattice.
Overall, these observations suggest several benefits of lithium salt addition that led to high performance (14730 cd/m 2 , 22.4 cd/A) among single layer PeLECs that are comparable to the most efficient PeLEDs, which are typically multilayer devices (Supporting Information Table S3 ).
These benefits are summarized in Figure 4d . were purchased from Sigma Aldrich. Gallium Indium eutectic (GaIn; 99.99%) was purchased from Beantown Chemical.
Perovskite Solution Preparation:
The CsPbBr3-based precursor solution was prepared by dissolving PbBr2 and CsBr in a 1:1.5 molar ratio with PEO (10 mg/ml) in anhydrous DMSO solution. Then the perovskite precursor solution was stirred at 60 °C for dissolution overnight.
When all solutions were dissolved, an empty vial was weighed and the desirable amount of PEO was added, then the weight difference before and after the PEO addition was measured to get an accurate weight of the viscous solution. The weight ratio of CsPbBr3 to PEO was 100:80. Finally, these solutions were blended with 4 mg/ml DMSO solutions of LiPF6 to prepare mixtures of five different weight ratios (0.2%, 0.5%, 1%, 2% and 5%) of lithium salt with the perovskite-polymer composition.
Device Fabrication: The ITO/glass substrates (Liasion Quartz (Lianyungang Jiangsu China), sheet resistance ~ 15 Ω sq -1 ) were cleaned sequentially with detergent solution, deionized water, acetone, Toluene and 2-propanol in an ultra-sonication bath for 15 mins. Subsequently, the substrates were dried with nitrogen and treated for 20 min with UV-ozone. To obtain CsPbBr3:PEO:LiPF6 thin films, precursor solutions were spin-coated onto ITO substrates at 1200 rpm for 45 min. Then, the thin film was put under vacuum for 1 minute to have a uniform and pinhole-free thin film. Finally, the CsPbBr3:PEO:LiPF6 film was annealed at 150 °C for 15 seconds to remove the residual solvent.
Electroluminescence Measurements: All measurements were conducted using a mechanical probe-station under high vacuum <10mTorr. Current density-voltage (J-V) and luminance-voltage (L-V) characteristics were measured using a Keithley 2400 source meter and a Photo Research PR-650 spectroradiometer in the range of 0V to 6V with a 0.3V increment.
Photoluminescence vs Time Measurements: Measurements were taken using an Ocean Optics QE65000 spectrometer coupled with a fiber optic cable pointed at the thin films through a 450nm longpass dielectric filter to block out the 405nm CW laser diode excitation signal.
Photoluminescence Quantum Efficiency Measurements: Thin film samples deposited on glass were attached to a custom holder then placed inside a Spectral Physics integrating sphere. Samples were excited at a 15 degree angle incidence to avoid back reflecting excitation light out of the integrating sphere. Using the method developed by de Mello et al., we took measurements of the excited thin films both in and out of the excitation beam path [1] . Fluctuations in excitation power were monitored by splitting the beam with a beam splitter and placing a photodiode power meter hooked up to a Thorlabs PDA200C photodiode amplifier. The collimated beam profile was shaped with a precision cut 1000 micron diameter circular aperture. The power density was then measured to be 561±4 mW/cm 2 . A fiber optic cable was mounted to one of the integrating sphere ports and was coupled to the Ocean Optics QE65000 spectrometer where spectrum measurements were 
